Introduction: The establishment of prognostic models for Crohn's disease [CD] is highly desirable, as they have the potential to guide physicians in the decision-making process concerning therapeutic choices, thus improving patients' health and quality of life. Our aim was to derive models for disabling CD and reoperation based solely on clinical/demographic data. Methods: A multicentric and retrospectively enrolled cohort of CD patients, subject to early surgery or immunosuppression, was analysed in order to build Bayesian network models and risk matrices. The final results were validated internally and with a multicentric and prospectively enrolled cohort. Results: The derivation cohort included a total of 489 CD patients [64% with disabling disease and 18% who needed reoperation], while the validation cohort included 129 CD patients with similar outcome proportions. The Bayesian models achieved an area under the curve of 78% for disabling disease and 86% for reoperation. Age at diagnosis, perianal disease, disease aggressiveness and early therapeutic decisions were found to be significant factors, and were used to construct userfriendly matrices depicting the probability of each outcome in patients with various combinations of these factors. The matrices exhibit good performance for the most important criteria: disabling disease positive post-test odds = 8.00 [2.72-23.44] and reoperation negative post-test odds = 0.02 [0.00-0.11]. Conclusions: Clinical and demographical risk factors for disabling CD and reoperation were determined and their impact was quantified by means of risk matrices, which are applicable as bedside clinical tools that can help physicians during therapeutic decisions in early disease management.
Introduction
Crohn's disease [CD] is a chronic and progressive disease of unknown etiology, prone to relapses and disabling events. The clinical course is usually characterized by intermittent relapses, although half of the patients express a mild disease with low propensity to recurrent episodes. On the other hand, the more aggressive cases may require surgery. 1 As a chronic disease, neither treatment nor surgery actually heal the patients, which are usually the subject of frequent medical visits and hospitalizations, creating an aura of uncertainty surrounding their professional and social future that also affects their families. 2, 3 The new concepts on CD treatment are leaving behind the classical approach of controlling the disease symptoms-instead, studies focusing on improvement of quality of life and on the reduction of hospitalizations and surgeries are now emerging. Since the treatment schedule clearly affects the disease course, identifying good prognostic models based on genetic/serological and clinical/demographic factors have been a focus of research. The latter option is more appealing, as it can be supported by data collected during the daily clinical practice. 4, 5 The identification of clinical criteria that can predict CD outcomes at an early phase of the disease is therefore crucial, as it can guide the decision-making process on the therapeutic options.
The notion of disabling disease was introduced in 2006 by Beaugerie et al. 6 Two years later, Lolly et al. 7 presented another study on this subject. Later, in 2011, Yang et al. 8 used a similar definition in their study. Currently, and due to the emergence of the abovementioned new strategies for disease control, there is no consensus regarding the concept of 'disabling' in CD.
The studies seeking to identify factors that can improve the CD outcomes have conflicting conclusions, as the different cohorts yield heterogeneous results due to different methodologies and/or different criteria for patient selection and evaluation. Although the computation of prognostic models can be considered a crucial step towards CD control and management, these are, unfortunately, seldom-addressed topics in the current literature. Moreover, the intricate nature of real-world biomedical data requires the utilization of analyses in which complexity goes beyond traditional biostatistics, 9 without losing the necessary formality. 10, 11 
Material and Methods

Derivation and validation cohorts
Data from CD patients being followed by 14 secondary and tertiary care centres was collected in a retrospective fashion [between April and December 2013]. Inclusion criteria were defined as follows: patients aged more than 18 years who had undergone surgery or immunosuppressive therapy in the initial 6 months after diagnosis, and who had at least 3 years of follow-up. All data was collected through a web database, and all missing data or discrepancies were reviewed by the investigators. The study was monitored by the national coordinator of the Portuguese IBD group [GEDII] .
The independent validation cohort included patients [from five hospitals] who were enrolled in a prospective fashion. Their data were registered in a national clinical database [gediibasedados.med. up.pt] of IBD patients. Inclusion criteria were similar to those used in the derivation cohort.
Patients from both cohorts were stratified according to the early therapeutic strategies followed by their physicians: Group I patients started immunosuppression during the initial 6 months after diagnosis [index event] and prior to any surgical procedure; Group S 0 patients underwent a surgical intervention [index event] in the initial 6 months after diagnosis and had no immunosuppression therapy during the known follow-up period; and Group S I patients underwent a surgical intervention [index event] in the initial 6 months after diagnosis and started immunosuppression within the 6 months after surgery.
Clinical and demographic variables
Besides the basic demographic data, clinical information was collected for each patient, including the Montreal classification 12 and the follow-up data [total number of surgeries and hospitalizations; treatment, namely corticoids, immunosuppression or anti-TNF, and disease adverse events-stenosis, abscess, perforation and anal disease]. Regarding Montreal classification, patients were classified according to disease extent, behaviour and age. Steroid resistance was defined as the presence of active disease despite a prednisolone dose of up to 0.75 mg/kg per day over a period of 4 weeks. 13, 14 
Outcomes analysed
The primary outcome of this study was the occurrence of disabling disease, whereas reoperation was studied as a secondary outcome. We have defined disabling disease as the occurrence of at least one of the following events: one or more surgeries in the first 5 years after diagnosis [excluding the index surgery, if applicable]; more than one surgery during follow-up [also excluding the index surgery, if applicable]; more than two hospitalizations [excluding the index episode and hospitalization for infliximab infusion]; at least two steroid course requirements per year, steroid dependency and steroid refractoriness; need to switch immunosuppression [AZA or MTX], and anti-TNF drugs [infliximab or adalimumab]; new events such as stenosis, penetrating disease or anal disease. This definition of disabling was determined taking into account the following aspects: [1] the introduction of immunosuppression and anti-TNF per se were not interpreted as disabling disease based on the development of new therapeutic strategies; [2] due to low efficacy of 5-ASA in CD patients, many newly diagnosed patients were treated with immunosuppression and anti-TNF; [3] switching treatments was seen as disabling and [4] events after the index event were interpreted as disabling due to signs of disease progression.
Statistical analyses
Prognostic models were defined by means of Bayesian networks [BNs] built over the set of available variables. 15 Bayesian networks can be seen as an alternative to logistic regression, where statistical dependence and independence are not hidden in approximating weights, but rather explicitly represented by links in a network of variables. 11 Generally, a Bayesian network represents a joint distribution of one set of variables, specifying the assumption of independence between them, with the interdependence between variables being represented by a directed acyclic graph. Each variable is represented by a node in the graph, and is dependent on the set of variables represented by its ascendant nodes. 16 This dependence is represented by a conditional probability table that describes the probability distribution of each variable, given their ascendant variables. The Tree Augmented Naïve Bayes [TAN] classifier model, used in this study, includes two assumptions: [1] all explanatory variables are conditioned by the outcome, i.e. all will directly influence the outcome during inference; and [2] an optional additional dependence is allowed for each variable, i.e. each variable's effect might be adjusted by one additional covariable. 17 TAN classifiers were built from the derivation cohort. Model parameters were validated by comparing the AUC in the derivation cohort with those calculated from a leave-one-out and a 10 times 2-fold cross-validation [for variability assessment with independent training and testing], and by an independent comparable validation cohort.
The application of the prognostic models generated in this work can be visualized by means of [a] an online tool for direct BN inference [in beta testing phase], and [b] appropriately defined risk matrices. In order to choose which variables should be included in the risk matrices, we applied a logistic regression with all independent variables using the enter method. Variables with statistical significance [or with clinical relevance for the course of the disease, e.g. age at diagnosis 4 ] were chosen as factors for the matrices. Each cell of the matrices represents the marginal posterior outcome probability estimate for that subgroup of patients. The precision of such estimates is given by a 95% credible interval, computed from a Monte Carlo simulation of one million samples from the derived joint probability model [i.e. the BN]. 18 The risk values in each cell of the matrix represent the expected risk for a patient in that subgroup, while the , and in order to have an accurate prognosis for these patients, the posterior probability P[D|S] and the corresponding credible intervals were computed for Groups S 0 and S I , taking into account the probability of needing immunosuppressive therapy after surgery [ Table 1 ]. The cell risk matrices for Group S patients were calculated as follows:
To assess the discriminative ability of the risk matrices for each outcome, specific cut-off values were chosen after performing a ROC analysis of the derivation cohort. For disabling disease, and taking into account its expected prevalence and the impact of a positive prediction, a rule-in approach was applied aiming at a high positive predictive value [~80%]. For reoperation, and taking into account its expected prevalence and the impact of a negative prediction, a rule-out approach was applied aiming at a high negative predictive value [also ~80%]. The thus derived decision rules were then evaluated on both cohorts, estimating sensitivity, specificity, accuracy, the predictive values, likelihood ratios, and the post-test odds.
Logistic regression was applied with IBM SPSS v23.0, BN structures were created with WEKA software, 19 posterior probabilities were inspected using SamIam software 20 ; the exact inference procedures for validation and risk matrices definition were available in R package gRain 21 using Lauritzen-Spiegelhalter algorithm, 22 while ROC curves and corresponding AUCs were computed using R package pROC. 23 
Results
Population characteristics and analysed outcomes
The derivation cohort analysed in this study consisted of 489 CD patients, of which 46% were male, and 79% were 40 years old or younger when diagnosed [ Table 2 ]. Most of the patients had either an ileal or an ileocolonic location of the disease, 12% had upper tract involvement, and 26% had perianal disease. Disabling disease was observed in 64% [CI 95%: 60-68%] of the enrolled patients, while 18% [CI 95%: 15-21%] needed reoperation [i.e. more than one surgery]. This cohort was stratified according to the early therapeutic strategies followed for each patient: Group I consisted of patients who started immunosuppression in the initial six months after diagnosis and prior to any surgical procedure, and Group S consisted of patients who underwent surgery in the initial 6 months following diagnosis. Group S was further divided into patients who started immunosuppression 6 months after the initial surgery [S I ], and patients who did not follow any immunosuppression therapy during the follow-up time considered in this study [S 0 ]. Eighty [16%] patients were in Group S 0 , 175 [36%] in Group S I and 234 [48%] in Group I, and significant differences were observed between these groups for all variables accounted for in this study, with the exception of gender [ Table 2 ]. Concerning outcome, disabling disease occurred most frequently among S I patients [78% of S I , 69% of I and 19% of S 0 , p < 0.001], as did the need for reoperation [40% of S I , 3% of I and 15% of S 0 , p < 0.001].
Bayesian prognostic models and relevant risk factors
In order to unveil the interdependent relationships between the analysed CD outcomes and the variables considered, BN-based models were built for the presence of disabling disease and the need for reoperation [ Figure 1 ]. In both cases, patient group was associated [arc between variables] with disease behaviour, upper gastrointestinal tract location [L4], and age at diagnosis, while location was associated with perianal disease. For disabling disease, an association between perianal disease and gender was also found, whereas an association between gender and upper tract involvement was found for reoperation.
To determine which of the factors listed above were significant and should be included in risk matrices, a logistic regression was carried out using all the independent variables considered. Those that were statistically significant and those that had been shown by previous 
Risk matrices
The risk matrices convey the risk of each outcome [disabling disease and reoperation] stratified by the relevant factors. In the particular case of this study, one of the factors considered to be relevant is the patient's group according to the initial therapeutic approaches. In this regard, it should be noticed that two of the groups are intimately linked: in fact, 52% of the patients [n = 255] were submitted to a surgical intervention during the initial six months after diagnosis, but only a fraction of those [31%] did not enter into immunosuppressive therapy afterwards, yielding Groups S I and S 0 . Therefore, and in order to accurately depict the risk in patients who undertook surgery but have not yet started immunosuppression, one has to take into account the probability of a patient starting immunosuppression after the initial surgery, i.e. p [I|S] . Such probabilities are shown in Table 1 
Reoperation
The risk for CD patients of undergoing more than one surgery [reoperation] during the course of the disease, taking into consideration the relevant factors determined previously, is stated in Table 4 . Patients who had an early start of immunosuppression therapy had a lower probability of reoperation than those who had an early surgery. Moreover, younger age at diagnosis and perianal disease increased the risk of reoperation, whereas a non-structuring/nonpenetrating [B1] disease behaviour decreased it. The lowest probability of reoperation was observed for patients in Group I who were older than 40 years at diagnosis, had no perianal disease, and a non-structuring/non-penetrating [B1] disease behaviour: 0.4% [0.2-0.9%]. The highest probability of reoperation was observed for patients who had undergone an early surgery and later entered into an immunosuppression therapy [Group S I ], were diagnosed before or at 40, and had perianal disease and a structuring [B2] disease behaviour: 54% [26-73%].
Model validation
The Bayesian prognostic models and the resulting risk matrices were validated following two different approaches: an internal one, which consisted of two different tests [leave-one-out and ten times 2-fold cross-validation]; and an external one, following the analysis of a prospectively recruited validation cohort. ROC analyses were performed independently for the derivation cohort and for each of the validation sets of data, and the respective AUCs, along with their 95% CIs, are illustrated in Figure 2 . As was desirable, the AUC values of the validation cohort nearly overlapped those of the derivation cohort, and the AUC values of the generated sets of data for the internal validation were rather similar to the later ones. Furthermore, the overall discrimination power was high for both outcomes [78% for disabling disease and 86% for reoperation, using the derivation cohort]. Based on this, the following cut-offs were 
Derivation vs. validation cohorts
The validation cohort consisted of 129 patients who were prospectively enrolled in this study, and whose demographic and clinical characteristics are depicted in Table 6 . The derivation and validation cohorts were shown to be similar for all variables analysed, with the exception of the presence of perianal disease [26% in the derivation cohort vs. 13% in the validation cohort, p = 0.003] and stratification in the three different patients' groups considered [p < 0.001]. To exclude the hypothesis that these differences could significantly impact the validation analysis, a new set of comparisons was carried out: the performance of the determined cut-offs was computed for the validation cohort stratified according to the presence of perianal disease [see Supplementary Table S1 ] and the patient's group [see Supplementary Table S2 ]. The performance measures were similar [i.e. the 95% CIs overlap], with a few noted exceptions that occurred in performance measures that were less relevant for the corresponding outcome.
Discussion
Because CD is a disabling disease that has a significant negative impact on the patient's quality of life, the construction and validation of predictive models that can anticipate negative outcomes is a cornerstone for preventive therapeutics, allowing physicians to adjust the medication in a prophylactic fashion, instead of doing so as a reaction to a flare. A few attempts to analyse risk factors from a prognosis perspective have been done in the past, but they usually involved results from genetic or serologic tests, 24, 25 which are both expensive and time-consuming. Our study is, to our best knowledge, the first one to build and validate risk models for CD outcomes-disabling disease and reoperation-based solely on clinical and demographic variables, which have the key advantage of Patient's therapeutic group: S = surgery; S I = surgery and immunosuppression 6 months after surgery; I = immunosuppression. Reading example: A patient 40 years old or younger at diagnosis, without perianal disease, and B1 phenotype had the probability of reoperation ranging between 1% (if he or she had immunosuppression in the first 6 months after diagnosis [Group I]) and 21% (if he or she had surgery in the first 6 months after diagnosis and immunosuppression thereafter [Group S I ]). But if the patient had perianal disease, the probability of reoperation increased to 30% if a surgery occurred during the first 6 months after diagnosis and the patitent had immunosuppression 6 months after surgery [Group S I ].
Colour scheme: White = ≤10%; green = 11-19%; yellow = 20-49%; orange = 50%-74%; red = ≥75%. Patient's therapeutic group: S = surgery; S 1 = surgery and immunosuppression 6 months after surgery; I = immunosuppression. Reading example: A patient 40 years old or younger at diagnosis, without perianal disease, and disease phenotype B1 had a probability of disabling disease ranging between 27% (if he or she had a surgery [Group S]) and 55% [if in the first 6 months after diagnosis he or she had immunosuppression]. But if the patient had perianal disease, the probability of disabling disease increased: 72% with a surgery in the first 6 months after diagnosis [Group S] and 82% if immunosuppression [Group I] was conducted.
Colour scheme: White = ≤10%; green = 11-19%; yellow = 20-49%; orange = 50%-74%; red = ≥75%.
being easily and quickly acquired. The final results were arranged into color-coded and user-friendly matrices that constitute a preliminary but useful tool that can be used by physicians in the therapeutic decision-making process. The overall disabling rate was 64%, ranging from 19% in Group S 0 patients to 78% for Group S I patients, values that are lower than those previously published. 6, 8 However, our definition of disabling disease was stricter than that used in those studies, as variables such as 'need for immunosuppression' or 'need for anti-TNF' were not interpreted as disabling. In fact, the notion of disabling disease published by Beaugerie et al. has suffered a few modifications with the advent of new therapeutic strategies, namely the acceleration of step-up and the implementation of top-down treatments. We have taken these factors into account, and adjusted the concept of disabling disease to the present context. Moreover, one should keep in mind that the concept of disabling is different from that of disability. In fact, the disability index published by Peyrin-Biroulet et al. 26 is a multidimensional approach to disabling events, encompassing body function and structure, activities, participation, and environmental factors. As our main aim was to predict the disabling events from the clinical and demographic context of the patient, we have chosen to use the concept of disabling instead of the disability index mentioned above.
The need for more than one surgery [reoperation] occurred in 18% of all patients, a value that ranged from 40% in Group S I to 3% in Group I. In our study, a cumulative risk of reoperation for Group S 0 ranged between 1% and 15% at 5 and 30 years of follow-up, respectively. For patients in Group S I , the probability ranged from 0% to 41% for 5 and 30 years of follow-up, while for Group I the cumulative probability ranged between 0% and 3% for 5 and 30 years of follow-up, respectively. These values were lower than those found by Frolkis et al., 27 but our cohort had a subgroup of patients who had a more aggressive treatment from diagnosis, namely immunosuppression within 6 months after diagnosis. The ability to anticipate flares and to establish preventive therapeutic strategies are invaluable steps for better disease management and a rational utilization of the available resources, especially in the case of a highly disabling and chronic disease such as CD. In this context, the Pocer study was a seminal work, establishing that retreatment according to the clinical risk of recurrence, with an early colonoscopy and treatment step-up if needed, was better than conventional drug therapy alone for the prevention of postoperative CD Disabling Disease ROC Curves Reoperation ROC Curves recurrence. 28 The rationale for our study was different, and so were the variables and the outcomes analysed, namely by including the impact of early strategies [immunosuppression and/or surgery] in the CD development. However, it is our belief that combining the results of an early endoscopic examination-after the Pocer study-with our risk matrices could greatly improve the predictive ability and increase the chances of effectively adjusting the medication in a preventive fashion.
The variables considered in the risk matrices were included after a significant result in logistic regression analysis [behaviour, patient group, and perianal disease] or because they have been previously described as predictive factors [age at diagnosis]. 4, 6, 8 The disabling disease risk matrix showed that patients who were 40 years or less at diagnosis, have perianal disease, an aggressive disease phenotype, and who are medicated with immunosuppressors [either before any surgery or after an initial one] have a higher risk of undergoing the disabling events considered. The need for a reoperation, on the other hand, is more likely to occur in patients diagnosed at 40 or less, who have perianal disease, an aggressive disease phenotype, and who underwent an early surgery upon diagnosis. These results are in line with past research, supporting the accuracy of our matrices. 4 The embedded models' discriminative power ranges between 78% for disabling disease and 86% for reoperation. These values are higher than those presented by Siegel et al., 23 a study that involved more variables, some of which of a genetic nature; therefore, our study opens new windows of opportunity for simpler yet usable models in clinical practice. The cut-offs established in our study for detecting disabling disease and reoperation [75% and 19%, respectively] were shown to have quite good performance, presenting a positive posttest odds of 8.00 [2.72-23 .44] for disabling disease, and a negative post-test odds of 0.02 [0.00-0.11] for reoperation.
The BMs and risk matrices built in this study were validated using internal leave-one-out and crossed validations, as well as an independent and prospectively recruited validation cohort. The ROC curves for disabling disease and for need for reoperation were similar for the derivation and the validation cohorts. The differences between the derivation and the validation cohorts-present in the occurrence of perianal disease and formation of groups based on early therapeutic decisions-were thoroughly investigated. Whereas differences regarding the occurrence of perianal disease did not seem to impact the results, those concerning unbalanced groups of patients may convey a slight but undefined bias in the overall predictive quality of the models. In fact, in the derivation cohort, Group S I had a lower discriminative ability for reoperation, whereas Group I had a higher discriminative ability for the same outcome, the undefined nature of bias coming from both the groups having had a lower frequency in the validation cohort when compared with the derivation cohort.
This study had a few limitations that we acknowledge as follows: the retrospective nature of the derivation cohort, the inability to provide a close set of treatment strategies for all patients [due to lack of data], the smaller follow-up time for Group I, and the absence of data regarding patients' smoking habits. Nevertheless, we believe we have limited these drawbacks by: [i] monitoring the inclusion with a data entry monitor; [ii] precisely defining the inclusion and exclusion criteria before study start; and [iii] building a web platform for study purposes that automatically sends missing data reports. Regarding smoking status, the lack of this variable in the case report of many patients prevented its use. However, we have tested the models, including the smoking status whenever possible, and the results were similar to those we have obtained without this variable [data not shown].
As a global conclusion, we may say that our study added important knowledge to the state of the art regarding CD developmentnamely unveiling important risk predictive factors, including the impact of early therapeutic strategies in the disease development. Moreover, that knowledge is delivered in the form of an intuitive and user-friendly bedside predictive tool, which can be used by any 
